Spin Dynamics in 5 = 1/2 Chains with Next-Nearest-Neighbor Exchange Interactions 
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Low-energy magnetic excitations in the spin-1/2 chain compound (C6H9N2)CuCl3 [known as 
(6MAP)CuCl3] are probed by means of tunable-frequency electron spin resonance. Two modes 
with asymmetric (with respect to the hv = g^sB line) frequency- field dependences are resolved, 
illuminating the striking incompatibility with a simple uniform S = ^ Heisenberg chain model. 
The unusual ESR spectrum is explained in terms of the recently developed theory for spin-1/2 
chains, suggesting the important role of next-nearest-neighbor interactions in this compound. Our 
conclusion is supported by model calculations for the magnetic susceptibility of (6MAP)CuCl3, 
revealing a good qualitative agreement with experiment. 
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A spin-1/2 Heisenberg antiferromagnetic (AF) chain 
is one of the paradigms in modern quantum many-body 
physics. The most important feature of this model is 
its integrability by means of the famous Bethe ansatzii 
However, as revealed theoretically and experimentally, 
the uniform spin chains are unstable with respect to any 
perturbation, breaking the chain uniformity. Such insta- 
bility gives rise to a rich variety of strongly correlated spin 
states and quantum phase transitions, making these ob- 
jects an attractive ground for testing various theoretical 
concepts experimentally. A competition between nearest- 
neighbor (NN) and next-nearest-neighbor (NNN) inter- 
actions, as well as the presence of magnetic anisotropy, 
can fundamentally modify the ground-state properties 
of quantum spin chains resulting in a large diversity of 
complex magnetic structures i^"— The experimental de- 
termination of these interactions often is a challenging 
task. For that, magnetic and thermodynamic measure- 
ments (magnetization, magnetic susceptibility, and spe- 
cific heat) are very helpful but do not give a detailed 
picture of magnetic interactions. Inelastic neutron scat- 
tering is a more suitable tool, but it has certain serious 
limitations (including, for instance, requirements on the 
sample size and chemical composition of the material). 
That is why the search for new approaches (both theo- 
retical and experimental) that are helpful in clarifying the 
microscopic structure of magnetic interactions appears to 
be of particular importance. 

Electron spin resonance (ESR) is traditionally recog- 
nized as one of the most sensitive techniques for prob- 
ing magnetic excitations in spin systems with collective 
ground states (see, for instance, Refs. pTHlOl). Here, we 
present ESR studies of the low-energy excitation spec- 
trum in the S — ^ chain system (C6H9N2)CuCl3 [here- 
after (6MAP)CuCl3]. Two gapped modes with asym- 



metric (with respect to the hv ~ gfJ'BB line) resonance 
positions have been observed in the low-temperature 
ESR spectrum, reflecting the discrepancy with the simple 
spin-1/2 Heisenberg AF chain model, employed for this 
compound previouslyjii Our data are interpreted in the 
frame of the recently developed mean-field-like theory for 
spin-1/2 chainSfi^ strongly suggesting a multiplication of 
the magnetic unit cell and the presence of NNN interac- 
tions in this compound. 

(6MAP)CuCl3 crystallizes in the orthorhombic struc- 
ture belonging to the space group Prima, with lattice 
constants a = 11.4 A, 6 = 6.6 A, and c = 12.8 A (de- 
termined at room temperature) F^i The number of for- 
mula units per unit cell is Z = 4. The compound is 
built up from well-isolated, doubly bridged linear chains 
of Cu^+ ions (Fig. [1]) . There are two types of crystallo- 
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FIG. 1: (Color online) Crystal structure of (6MAP)CuCl3. 



graphically similar chains running along the b axis. Each 
copper ion has a square-pyramidal coordination geom- 
etry, with the axial bond substantially longer than the 
basal ones, and with the direction of the axial bond al- 
ternating along the chain axis b. The Cu-Cl-Cu bridg- 
ing angle is well above 90°, which defines the AF nature 
of the NN exchange interactions [J/ks « 110 Kiiii^]. 
Using the formula for the Neel temperature Tjq from 
Ref. [ij and assuming T/v < 100 mK (as evident from 
muon spin- relaxation experimentsi^) , the interchain in- 
teraction J' /Ub is estimated to be less than 40 mK, 
suggesting J' / J < 4 x 10~^ and indicating an almost 
perfect one-dimensional nature of the magnetic correla- 
tions in (6MAP)CuCl3. However, below about 15 K a 
deviation from the behavior expected for a spin- 1/2 uni- 
form Heiscnberg AF chain appearS j^^i^^'^^ i.e., the low- 
temperature magnetic susceptibility shows a pronounced 
low-temperature upturn. Very often, in spin-chain com- 
pounds such a low-temperature tail in magnetic suscepti- 
bility originates from the broken-chain effects and/or de- 
fects, overshadowing the intrinsic low-temperature sus- 
ceptibility behavior (which is of particular importance 
when describing the ground state of spin chain materi- 
als). To get a deeper insight into the ground state in 
(6MAP)CuCl3 we decided to probe the low-temperature 
excitation spectrum in this compound by use of ESR 
measurements. 

Experiments have been performed at the Dresden 
High Magnetic Field Laboratory (Hochfeld Magnetlabor 
Dresden, HLD) using an X-band spectrometer (Bruker 
ELEXSYS E500) at a fixed frequency of 9.4 GHz and 
a tunable-frequency ESR spectrometer (similar to that 
described in Ref. ,17i). High-quality single-crystalline 
(6MAP)CuCl3 samples with a typical size of 1.5x1.5x4 
mm"^ were used. The magnetic field was applied along 
the b axis. The magnetization measurements have been 
performed by use of "Quantum Design" Physical Prop- 
erty Measurement System (PPMS). 

A single ESR line (with g ~ 2.06 measured at 20 K) 
was observed at temperatures above 5 K. It was shown 





o (a) 




(b). 


380 


200 


" Y 


? 




7i 
370 en 


_,_^ 




1 




O 


^ 150 


■ V 


" 


■ 


360 S 

3 


.c 




h 


. 


350 8 













:o 100 





T 




„,„ "n 






h 


- 


340 CB- 


<a 




^ 




Q. 


c 




^^ito^ 


. 


330 „ 


Lj 50 




^"•uninin 


n&Uim 


3 

320 H 




( 







1 


•3in 


) 50 100 50 


100 




Tempe 


rature (K) 







3 

CD 



O 
03 

< 




FIG. 2: (Color online) Temperature dependence of the 
linewidth (a) and resonance field (b) measured at a frequency 
of 9.4 GHz. Lines are guides to the eye. 



10 11 12 13 14 

Field (T) 



FIG. 3: (Color online) ESR spectra of (6MAP)CuCl3 ob- 
tained at a frequency of 300 GHz for different temperatures. 



theoretically^^ that the ESR response of an ideal uniform 
Heisenberg spin chain with magnetically isotropic inter- 
actions should reveal a single peak in the ESR absorption 
with zero linewidthfi^ and with the position of the reso- 
nance proportional to the applied magnetic field. Spin- 
spin correlations would yield a shift of the resonance posi- 
tion and a broadening of the ESR line only in the presence 
of magnetic anisotropy. The temperature dependence of 
ESR linewidth and field measured at frequency 9.4 GHz 
down to 7 K is shown in Fig. [21 confirming unambigu- 
ously the incompatibility of the observed ESR behavior 
with the simple uniform S — ^ Heisenberg chain model. 
The low-temperature upturn of the linewidth, seen in 
Fig. [21 can only be explained by the presence of rele- 
vant perturbations (from the viewpoint of renormaliza- 
tion group) of the critical Heisenberg chain [for instance, 
the multiplication of unit cell, caused by symmetric (ex- 
change) or asymmetric (Dzyaloshinskii-Moriya) spin-spin 
interactions, or the (7-tensor alternation].— 

To study the frequency-field dependence of the mag- 
netic excitations in (6MAP)CuCl3, further experiments 
were performed using the high-field (up to 16 T) tunable- 
frequency ESR spectrometer. Below ~ 5 K, a second 
resonance mode (the mode B, Fig. [3|) appears. The 
frequency-field diagram of the magnetic excitations in 
(6MAP)CuCl3 obtained at 1.4 K is shown in Fig. [H 
The resonance absorptions in the studied frequency-field 
range have a linear field dependence with g k, 2. Linear 
extrapolations of the frequency-field dependences of the 
ESR modes A and B to zero field yield the resonance- 
field shifts Aa = 15.9 GHz (0.76 K) and As = -59 GHz 
(-2.83 K), respectively. The observation of two gapped 
modes clearly indicates the incompatibility with the sim- 
ple uniform magnetically isotropic spin- 1/2 Heisenberg 
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FIG. 5: A schematic view of a spin-chain structure with 
four nearest-neighbor ( Ji,2,3,4) and one next-nearest-neighbor 
(Jjv) interactions proposed for (6MAP)CuCl3 (see text for 
details). 



FIG. 4: (Color online) Field dependence of the magnetic- 
excitation frequencies in (6MAP)CuCl3 at T = 1.4 K. Sym- 
bols denote experimental data, while solid lines correspond to 
theoretical results (see text for details). The dashed line de- 
notes hv — q^ibB for g = 2 (where h is the Planck constant, 
v is the excitation frequency, jj,b is Bohr's magneton, and B 
is the magnetic field). 



AF model, suggesting the presence of additional interac- 
tions in this compound. 

Recently, the dynamical mean-ficld-like theory for the 
ESR in spin- 1/2 chains with NN and NNN interactions 
(zigzag spin ladders) has been developed.— It was shown 
that in the case of an alternation of NN interactions, two 
ESR modes at the frequencies hi'1^2 = 1.9^-8^ + ^1.2! 
should emerge, where 



Ai,2 = 



I 



( Ji + J2 + A1 + A2)R+ 



± ( ( Ji + J2 - 2ANyRi + (Ai + A2- 2An) 

l/2l 

X (2 Ji + 2 J2 - 2An +Ai+ A2)R^_ ' 



(1) 



Here B is the value of the applied magnetic field, /is is 
Bohr's magneton, Ji and J2 are spin-spin isotropic inter- 
actions along the chain, Ai and A2 denote the magnetic 
anisotropy, while A^ is the magnetically anisotropic 
NNN interaction. R± ~ {Sq i) ± {Sq 2) arc the sum 
and the difference of average values of the projections 
of the magnetic moments of two magnetic centers (in 
the absence of the oscillating microwave field), respec- 
tively. Importantly, depending on the sign and strength 
of NN and NNN interactions, the theory predicts different 
frequency-field diagrams of magnetic excitations which 
can be observed using ESR. ESR experiments on the frus- 
trated spin-1/2 quasi-one-dimensional systems In2V05f22i 
Li2ZrCu04f2i and on the asymmetric spin-ladder com- 
pound IPA-CuClg^ revealed qualitative agreement with 



the theoretical predictions. 

Contrary to uniform spin-1/2 Hcisenberg AF chains 
the combined effect of alternation and magnetic 
anisotropy is predicted to manifest itself in the open- 
ing of a gap in the ESR spectrum. Most importantly, 
the presence of the AF NN and large enough NNN in- 
teractions [An[{SIi)^ + {S^^2f] > iAi+ A2){Sl,){S§^2)] 
should result in asymmetric (with respect to hv = g^sB) 
frequency- field dependences of ESR peaks (Fig. 4 in 
Ref. II4). This proposed frequency-field dependence 
is consistent with our observations in (6MAP)CuCl3, 
strongly suggesting the presence of an NNN interaction 
and alternation in this compound. Hydrogen position 
disorder in the amino groups linking the Cu chaina^i can 
be regarded as the origin of the proposed alternation^^ 
(see discussion below). 

The presence of additional interactions responsible for 
the energy-gap opening in the low-energy ESR spectrum 
should manifest itself also in a peculiar behavior of the 
magnetic susceptibility at temperatures T ~ Ai^2/fcB- 
On the other hand, the observation of a broad maxi- 
mum in the susceptibility of (6MAP)CuCl3 at T -- 70 
K implies the presence of short-range-order spin corre- 
lations at this energy scale. Hence, additional magnetic 
eigenstates with energies much larger than the gaps, ob- 
served in the ESR experiments, need to be included. To 
describe both the magnetic susceptibility and the ESR 
data, a minimal model has to include four magnetic sub- 
lattices. Different values of exchange couplings (defined 
as Ji,2,3,4, Fig. [5]) between neighboring sites along the 
chain would yield the multiplication of the magnetic unit 
cell, and as a consequence four ESR modes in the exci- 
tation spectrum. 

Since no intcgrable four-center Heisenberg AF spin 
model for (6MAP)CuCl3 is available, the simplified four- 
center XY spin-chain model^i is applied to illustrate the 
proposed scenario. The exceptional usefulness of this 
model is determined by its solvability. The dispersion 
laws of the four excitation branches. A, B, C, and D, 
arc shown in Fig. [HI The best agreement between the 
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FIG. 6: (Color online) Dispersion relations of magnetic excita- 
tions at B = 0, determined by use of a four-center spin-chain 
model. 
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FIG. 7: (Color online) Temperature dependence of the mag- 
netic susceptibility of (6MAP)CuCl3 with a magnetic field 
of 0.1 T applied along the b axis. Experimental data are 
shown by symbols, while the solid line corresponds to results 
of calculations for the four-center model with the same set of 
parameters as in Fig. [6] (see the text for details). 



ESR data and calculations was obtained using the pa- 
rameters Ji/kB —Js/ks = 105 K, J2/kB — HO K, 
JA/kB = 96 K, and J n /kB = 0.8 K for the alternat- 
ing NN (J1-4) and NNN {J n) interactions, respectively. 
The theory predicts also the existence of two higher- 
energy ESR transitions (modes C and D). 

In Fig. [71 we show the temperature dependence of the 
magnetic susceptibility (down to 1.8 K) together with 
the calculation results (based on the four-center chain 
model. Fig. [S]) using the obtained parameters. As follows 
from the model, the presence of low-energy ESR gaps 
observed in our experiments should determine the low-T 



part of the magnetic susceptibility, while the high-energy 
branches (and the related gaps) are responsible for the 
high-T magnetic susceptibility dependence. The main 
features of the calculated susceptibility behavior (low- 
temperature maximum, a pronounced dip at T « 13 K, 
and a broad maximum at T « 70 K) are consistent with 
the experimental data, suggesting the validity of the four- 
center spin-chain model with NNN interaction. Detailed 
theoretical studies of the four-center AF spin chain with 
NN and NNN interactions (unfortunately, not available 
now) are necessary to precisely determine relevant char- 
acteristics (exchange integrals, magnetic anisotropy, etc.) 
of the studied compound. 

There are two previously known compounds with 
an alternating spin-1/2 Heisenberg chain structure, 
that are structurally uniform at room temperature: 
Cu(4-methylpyridine)2Cl2 [CuCl2(mepy)2}^ and Cu(N- 
methylimidazole)2 Br2 [CuBr2(midz)2]i^ The alterna- 
tion parameter (ratio of weaker to stronger interactions 
strength was found to be 0.6(1) for CuCl2(mepy)2 and 
0.4(1) for CuBr2(midz)2. Although due to the tendency 
of these materials to twin in neither case the methyl hy- 
drogen ions could be located, the uniform nature of the 
chains at room temperature is verified. Studies of the di- 
electric constants of the two compounds clearly revealed 
anomalies near 50 K for CuCl2(mcpy)2^ and at 50 and 
105 K for CuBr2(midz)2^. These data were interpreted 
as freezing of the methyl-group rotations which could 
induce slight twisting of the copper octahedra so as to 
produce an alternating variation of the exchange path- 
ways. We are not aware of any low-temperature struc- 
tural study that confirms this hypothesis. Nevertheless, 
magnetic studies of these materials^Si^ revealed the char- 
acteristic maximum in the magnetic susceptibility as well 
as a gapped ground state [similar to that observed in 
(6MAP)CuCl3]. 

While the methyl groups in (6MAP)CuCl3 are ordered 
at room temperature, the hydrogen atoms of the amino 
groups are disorderedii, leaving open the possibility that 
the observed magnetic behavior arises from a similar 
freezing transition. A potential signature of the proposed 
scenario is a pronounced field-independent maximum in 
the specific heat at ^ 2.3 Ki^, which would correspond 
to a low-temperature Schottky anomaly due to the hy- 
drogen position order. Low-temperature structural stud- 
ies of (6MAP)CuCl3 arc planned. It is notable that the 
variations of the exchange strengths in (6MAP)CuCl3 are 
much smaller than those observed in CuCl2(mepy)2 and 
CuBr2(midz)2. 

To summarize, employing the recently developed the- 
ory for ESR in alternating spin chains the asymmetric 
double-peak ESR structure observed in (6MAP)CuCl3 
is interpreted as a signature of NNN interactions. The 
proposed four-center spin-chain model consistently de- 
scribes both the observed ESR spectrum and the mag- 
netic susceptibility. Hence, based on the proposed model 
our study has demonstrated the potential feasibility of 
using ESR to probe NNN interactions in alternating spin 



chains with high resolution (available for ESR). Our ap- 
proach can be of particular importance for understand- 
ing the nature of the ground-state and low-temperature 
magnetic properties of a wide range of spin-chain systems 
with competing NN and NNN exchange interactions (in- 
cluding zig-zag spin ladders). Our observations call for 
systematic low-temperature structural and neutron scat- 
tering studies of (6MAP)CuCl3; which would allow to 
verify the proposed model. 
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